The corrosion behaviour and solubility of three bis (trifluoromethylsulfonyl) , as a component in a mixture with different base oils were analysed. Six polar oils suitable for use in lubrication were utilized as base oil. Solubility tests were performed by using turbidimetry, and corrosion was checked at 4 v/v% by examining the roughness and chemical composition of the surface after 21 days. The results showed that long carbon chains in the cation improve the solubility greatly in diesters and slightly in polyolesters. Corrosion was not detected at this concentration.
Introduction
The utilization of ionic liquids (ILs) in lubrication has been reported since 2001 [2, 3] . ILs are salts with melting points below 100 ºC and interest in them is growing due to the possibility of obtaining different physicochemical properties by changing the constituent ions [4] . ILs have excellent characteristics such as a large liquid range, high thermal stability, negligible vapour pressure, non-flammability, and so on, which makes them candidates for lubricant or other industrial applications [5, 6] . Some researches have reviewed the increasing attention to ILs as novel lubricant fluids [7] [8] [9] [10] [11] . These positive features led also to the use of ILs as additives [12, 13] . The first ILs used in lubrication were based on imidazolium cations and [BF 4 ] and [PF 6 ] anions [14] [15] [16] , but although they improve the tribological performance, these anions decompose via hydrolysis into highly corrosive and toxic compounds [17] . This problem led to the study of new ILs based on [FAP] and [NTf 2 ] anions [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
The inherent low solubility of the ILs in non-polar hydrocarbon oils has generated many researches [16, [28] [29] [30] [31] [32] , where the ILs were used in oil-IL emulsions or as lubricant additives in low concentration. Since 1 Although commonly referred to it as "imide" in tribology, IUPAC recommendations suggest the name bis(trifluoromethylsulfonyl)amide [1] 2009, the potential applications of phosphonium-cation-based ILs have been studied [33, 34] . Some of these ILs have drawn attention due to their solubility in non-polar oils and performance as lubricant additives [31] [32] [33] [34] [35] . These findings are interesting and the adsorption of the ILs on the surfaces due to their polar character can be used effectively in thin film lubrication. Besides, the mechanism of boundary film formation found for a mixture formed by a component of higher viscosity and polarity (e.g. ester) in a low viscosity non-polar oil (mineral oil or polyalphaolefin) [36] [37] [38] can take place when ILs are used as additives. The advantages of this lubrication mechanism were verified by Fernandez et al. [39] , who worked with a mixture of a polyalphaolefin (PAO6) and two esters (trimethylol propane trioleate and sunflower oil) at 5, 10, and 15 wt%. Taking into account the above-mentioned lubrication mechanism, a mixture of a polyalphaolefin (85 wt%) and trimethylol propane trioleate (15 wt%) was used in the formulation of oil-in-water emulsions in order to study the influence of different concentrations of emulsifiers on the lubrication under extreme pressure conditions [40] .
Numerous studies refer the better solubility of ILs in polar base oils such as ester [41] [42] [43] , polyethylene glycol [44] [45] [46] , or glycerol [47] [48] [49] . But corrosion is also an important issue in industry [50, 51] , being closely related to lubrication. Some N-alkylpiridinium compounds even have anticorrosive properties [52] . Although ILs based on [NTf 2 ] anion trend to be resistant to hydrolysis, their solubility in different oils and corrosion activity should be addressed yet.
The present paper aims to study the solubility of three [NTf 2 ] anion-based ILs in six polar base oils and their corrosive action on steel. This corrosive action was studied at the maximum common solubility of the different mixtures IL and base oil. The results of this study will be of great interest due to the increasing potential of the ILs for the lubricant industry. petrochemical diesters (oils A1 and A2), polyolesters (A3 and A4), ester (A5), and low-polarity monoester (A6). All of them were kindly provided by CRODA Lubricants and their main properties are shown in Table 2 . 
Experimental

Ionic liquids and polar oils
Solubility tests
Solubility can be evaluated visually by estimating the concentration of IL at which the mixture of IL and base oil becomes turbid. Turbidimetry is a suitable technique for checking solubility, and is already used with proteins in ILs [53] . Basically, a known amount of ionic liquid (ranging 20 -200 mg) was mixed with 2 mL of base oil at room temperature and shaken in a vortex for 1 minute, and then the transmittance at 600 nm is measured in a Perkin-Elmer Lambda 900 spectrophotometer. Insoluble mixtures generate emulsions that scatter the light, thus reducing the transmittance. According to the Lambert-Beer law, the analytical expression of the transmitted light as a function of the photon mean free path is shown in Equation (1), where k is a parameter depending on the geometry of the measurement cell. Likewise, parameter l can be obtained from equation (2), where d is the droplet size, ϕ the volumetric fraction, and Q a constant. In addition, these both equations can be merged resulting in equation (3). 
However, it is interesting to state that the dependence of scattered light and the concentration of IL in the emulsions with the lowest solubility was not linear as expected but followed the Equation (5), where A is the absorbance at 600 nm, ϕ is the volumetric fraction of the IL, and k 1 and k 2 are constants.
A (5)
Equation (5) can be deducted from Equation (4) Equation (5), once modified, can be linearized into (6): (6) In this way, the slope/intercept of the graphical representation 1/A versus 1/ϕ is d 0 /α. The lower the value of d 0 /α, the smaller the droplets and the faster their growth with ϕ will be.
Corrosion study
The specimens used in the corrosion test were disks manufactured from AISI 52100 steel. Table 3 shows the chemical composition and mechanical properties of the disks. The disks were cleaned using heptane in an ultrasonic bath for 5 minutes before corrosion tests and later before characterization of the surface.
After the above cleaning process, the disks were rinsed in ethanol and dried with hot air. The corrosion performance of the ILs-base oil mixtures was studied by using the following test:
15 µL (about three drops) of the base oils or their mixtures with ILs were applied separately on the disks and they were exposed for 21 days in air at room temperature. Relative humidity and 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 temperature were measured at different hours during the corrosion test resulting in values of 42-59% and 12-18ºC, respectively.
Surface analysis
In order to evaluate the damage on the surface after the interaction with the base oil, IL, or mixture, we analysed three different parameters of the surface: the roughness (S q ), estimated as the standard deviation of the height distribution , the skewness (S sk ), calculated as the skewness of the height distribution , and the arithmetical mean height (S a ), defined as ; all of these parameters were estimated according to the EUR Standards [54] .
All of these parameters were obtained using a Leica M205FA fluorescence stereomicroscope.
Mathematical calculations were automatically performed by the stereomicroscope software.
Surfaces were also analysed using photoelectron spectroscopy (XPS) with X-ray radiation from K α (Al) (1486.61 eV) working at 13 kV and 150 W and a SPECS Phoibos hemispherical analyser. High resolution spectra were taken with an energy step of 0.1 eV and an energy pass of 30 eV, accumulating 12 spectra.
Mathematical fitting of curves for XPS spectra was performed with CasaXPS software, using Shirleytype baselines and a Gaussian-Lorentzian (30:70) product model curve.
Results and discussion
Solubility
A first visual inspection of the base oil/IL mixtures is useful to know about the solubility. Table 4 shows the range of concentrations where the maximum solubility is reached. The lower limit corresponds to the highest concentration without appreciable turbidity and the higher limit corresponds to the lowest concentration where turbidity was visually evident. insoluble in the rest of the base oils, which can be explained by taking into account the chemical structure of this IL. In organic media such as the base oils, one of the most important driving forces for solubility is the interaction between hydrophobic residues (carbon chains), and thus it is expectable that the smaller the carbon chains in the cation, the lower the amount of this kind of interaction and therefore the lower the solubility. These results are in agreement with a previous work of our research group [55] .
Using the Lambert-Beer approach (Equations 1-6), a further study was performed for the most insoluble mixtures. The results listed in Table 5 is senseless in soluble systems, as they do not produce turbidity. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 The previous solubility results establish that A1, A2, and A4 are the best options for solubilizing the chosen ILs. Therefore, as a next step, the corrosion effects of these base oils as well as the corrosion effects of the base-oil + IL mixtures were studied. Table 6 shows the results for samples tested with pure substances at room temperature. Since roughness (S q ) is a standard deviation, comparing S q from different samples requires the use of the Snedecor's F statistic [56] . However, S q is obtained from a huge number of points, and therefore F crit = 1, meaning that any difference in S q is statistically significant. In order to evaluate whether this significant difference can be attributed to a corrosive effect, changes in skewness may be more interesting. Negative values for S sk indicate that the roughness arises from deep and fine valleys in one plateau (e.g. pores), whereas positive values indicate the presence of many peaks on a plane [54] .
Corrosion
Bulmer suggests that skewness between -0.5 and +0.5 indicates more or less symmetric distributions [57] , so according to this, only the sample tested with A2 shows a significant change in S sk with respect to the stainless steel, indicating a drastic change on the surface. Sample treated with neat A4 shows a change in the sign of S sk with respect to stainless steel, but it is not necessarily significant. Table 4 . The results of the surface roughness changes are recorded in Table 7 . These results are mostly in accordance with those in Table 6 . Mixtures with A2 show the highest values of skewness, in the limit or over the critical 0.5 value, thus indicating a significant change in the surface roughness. These values of skewness in the mixtures are probably driven by the effect of the base oil.
Nevertheless, it is more likely that these changes in the surface are attributable to modification of the surface because of the diffusion of the base oil into the pores rather than a real corrosive effect. In order to check this last possibility, further experiments to analyse the chemical composition of the surface were performed.
Finally, the chemical composition of the surfaces of the samples was studied by XPS, whose results are summarized in Figures 1, 2 , and 3. The difference in the high resolution spectra of Fe 2p3/2 is small, suggesting that the surfaces are very similar. All the samples can be described as showing a combination of three different peaks appearing at 706.6, 709.6, and 711.5 eV, which can be assigned, respectively, to metallic iron [58] , iron oxides [58] , and iron oxy-hydroxides (FeOOH) [59] . It is interesting to note that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 
Conclusions
The corrosion activity and solubility in polar oils of three greatly improve the solubility in petrochemical diesters (A1 and A2) or improve it slightly in polyol esters (A3 and A4).
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